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AIHJ’RAC’J’

I X3W 1 ‘rcqucmcy  (I .II’) chxtromagnctic  wawx  with periods near the local proton gyrofrcqucncy

have been dctcctcd near 1 AU by the magnctomctcr  onboard 1S1;13-3. Transverse peak-to-peak
amplitudes as large as Afi/lBl - 0.4 have been noted with compmsional  components (A IB1/1111)

typically S 0.1. Gcncral]y,  the waves have CWM srnallcr amplitudes. ‘J’hc waves are highly

elliptically/linearly polarized and arc often, but not always, found to pmpagatc nearly along ho.

Both right- and left-han(l  polarizations in the spacecraft-frame have bum dctcckxl.  “1’hc waves

arc dctcctui  during all orientations of the intcrp]anctary  magnetic field, with the Parker spiral

orientation being the most common case. Although there arc some diffcrcnccs  in these wave

properties from those  rcccmt]y ckmctcd  at (5 AU) by Smith ct al. (1993), the similarities lead onc

to think that both may bc duc to the. sanic physical process. Ikm these 1 AU waves two physical

proccsscs  arc possible: solar wind pickup of neutral (intcrs~cllar?)  parliclcs and generation by

relativistic electron beams propagating from the Sun. ‘1’hc weight  of the cvidcncc presently leans

towards the former hypothesis. lhlrthcr analyses will bc ncccssary to rule out onc or the other.



lntmtcllar  ncutra]s  bccausc  of their lack of charge, freely enter our hcliosphcre. As the neutrals

gclc]osc  to the sun, t]lcybccolllc  ioJliY,cc! by/J}lclt(JioJliYatioJl  an(ic]l:lrgc  cxcllangc(witll  N)]ar

wind protons). “l”llcfrcsh]y crcatc(] iJltcrstc]]:lr ions will constitutca  ring-beam in the solar wind

frame. The ion velocities in the plasma frame arc substantially greater than the local

magnctosonic  and AlfvLn  wave phase speeds, thus the ions arc sub.icct to resonant instabilities

lcaciing  to the generation of Low }~rcquency  c.lcctrmnagnctic  waves (WU and Ilavidson,  1972;

Brinca, 1991; Gary, 1991; Bogcian ct ai., 1991).  ]Jecausc  the intcrs[cllar ions initially have very

small velocities relative to interplanetary spacecraft, any waves gcncratcd will be dctcctcd  at the

local ion cyclotron frequency . This is directly analogous to the cometary case where cometary

pickup ion waves are (ictcctcd at the local ion cyclotron frcqucmcy  (’J’surutani  and Smith, 1986;

I’surutani,  1991). in this paper, this wave signature will again bc use(i as an argument for local

ion pickup.

Gloccklcr  ct al. (1993) have rcccntl y (ictcctcd  interstellar pickup protons for the first time by

instrumentation onboard the Ulysses spacecraft. Ci]occldcr  ct al. (1993) have i(icntificd the

pickup particles by their shell-like pitch angle distributions and cutoff velocities equal  to twice

the solar winci speed. ‘l”hcsc  observations were Jnacic  at a ciistance  of 5 AIJ from the SUJI, as

lJlysscs  was OJI its way to and from Jupiter.

Waves gcncratcd  by interstellar ion pickup have been i(icntifimi (Smith ct al., 1993) at tirncs

concurrent with the Ciloccklcr ct al. (1 993) ion (ictcction. ‘1’hc waves are found to have

frcqucncics  near the local proton cyclotron frcqucricy,  as theoretically cxpcctcd. I’here is not a

cmc-to-one correspondence bctwccn  the wave an(i ion (iclcction, however. ‘1’hc waves are

{ictcctcd only during intcrva]s when the average magnetic ficlci was dircctc(i ra(iially toward or

away from the Sun, rathc,r  than az,imuthally  oric.ntc(i.  Smith  et al. (1993) also pcrformc(i a sc.arch

for similar waves near 1 ALJ using the Pioncc.r  an{i lJlysscs  spacecraft (iata during intervals of

ra(iia] ficl(is, but did not find such emissions.

The purpose of this paper is to dcscribc, for tile first time, the detection of small amplitu(ic  waves

with periods near the local proton gyrofrcqucncy  dctcctc(i  near 1 AIJ. ‘1’hc lntcrnational-Sun-

l;arth-13xplorcr-3  (lSEE-3)  magnctcni]ctcr  (Fran(iscn  ct al., 1978) data was usc(i  in the survey.

The waves have many features which arc similar to those dctcctcd at 5 AIJ, but also some

(ii ffcrcnccs as WC1l. An iJ~tcrc[)J]~pi]ris(JJ~  bctwccn  the waves at the two different radial distances

will bc made.
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1 ligh time resolution (6 vectors s-]) lSlil+3  magnetic field data (E’randscn ct al., ] 978) was used

in a .survcy to search for 1.OW l~rcqucncy  waves at 1 AIJ. our initial intent was to search for

waves that were associated with cncrgctic  solar flare par[iclc events. An interval during the

par[iclc  cvcnl  onset and during the peak particle flux was sclcctcd  for seven flare events

occurring during 1978-1981. Thus, fourteen intervals of time, composed of 6-24 hours (iuration

each, were studied. These arc listed in l’able 1. No regard was taken as to the dircclion of the

interplanetary magnetic ficl(i. After the. waves were discovcrc(i, five mm-c cmc-hour intervals

were analyzed in high time resolution. “J’hcsc intcrv:ils  were chosen so they were at least 24

hours prior to the solar cosmic ray events to avoid the possibility of cncrgctic particle .gcncration.

‘J’hcsc intervals arc also listc(i in the Table.

RINJI :1’s

1.]; waves were dctcctc(i in most of the intcrva]s  sclcctcd,  both during the solar cosmic ray events

and prior to the events. ‘Jlcy  arc usually of smali amplitu(ic,  arc sporadic in occurrcncc,  and

therefore may have been missc(i  in previous surveys. An cxamp]c of waves in oJ]c interval is

shown in I;igurc 1. ‘Ilis example was sclcctcd  bccausc the waves had unusually large amplitudes

and thus were particularly easy [c i(icntify. l’hcsc transverse waves have a peak-m-peak
transverse amplitu(ic of -7 n“l’ in a - 18 n’]’ ficl(i or Afi/lN- 0.3. ‘J’hc comprcssicmal  component,

Alfil/lBl,  is lCSS than 0.05. ~’hc wave pcrimi varies from 4 to 6s. ‘J’hc local proton cyclotron

period is 3.6s, thus the waves have pcrimis slightiy kmgcr ti~an  the local ‘J’lj. Note. tha~ ti~c

intcrp]atlctary  magnetic ficki (GSF. cxxmiinatcs)  cmnponcnts  arc ]]x -- 11 n’]’ anti IIy -11 n’J’.

‘l’his is a positive (cmtwar(i) Parker spiral field (iircction. 137, --8 n“J”.

Figure 2 gives the hodogram for onc cycle of tbc. wave packet in IJigurc 1 in Principal Axis

Coordinates. ‘Jlc Principal Axis Analysis (Sonncrup and Cahill, 1967) method i(icntifics  the

clircction  of maximum, intcrmc(iiatc  an(i minimum var iance , stanciar(ily labeled as

~11, ~12 and ~33, rcspcctivcly. ‘J’hc minimum variance (iircction is the wave propagation (~)

(iircction  (Smitil  and ‘J’surutani,  1976) for c]cctromagnc[ic waves. The time interval of the field

is 0438:08 to 0438:14 U“I’, “J’hc beginning of the interval is in(iicatc(i  by a “1)” an(i the cnd of the

interval with an “E”. The ambient magnetic field is out of the paper. “J’hc wave is left-han(i

elliptically po]arizc(i (Llikz  = 30.6), propagating at an angle of 59” relative to the ambient

magnetic field.
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liigurc  3 gives the power spectrum of the waves from 0416-0439 LJ’1’ day 158, 1979, the same

general interval of lime as in Fi.gurc ] and 2. A fic.ld-aligned coordinate systcm is used, with f~l,

along  the average field (iirection,  ~lz in thc~l]  x ~111 (iircction  (where & is the ciircction  of the
.

north ecliptic pole), and II? completing the right-hand systcm. “1’hc  power spectra for 1111  and the

two transverse components, lIz. and 1J3, arc plotted. A broad  incrcasc  in wave power can bc

noted near f - 2 x ] ()-1 I ]z, the local promn cyclotron frequency (denoted by fp). “1’hc power is

- 3-5 nT2 Ilz- 1 in the transverse components and 5 x 10-1 n’1’2 I lx ] in the comprcssiona]

compcmcnt.  The wave comprcssional  component is about an order of magnitude lower than the

transverse components.

Figure 4 is an cxarnplc of the waves dctcctcd  WC1l prior to the solar cosmic ray event. “1’hc event

is from 0033-0035 UT May 8, 1981, while tbc particle onset  is at - 1800 UT May 9, 1991. ‘J’hc

six cycles of a wave bclwccn 0033:30” and O(K34 :20 lJ’1’ have a period of - 8.5s,. ‘1’hc waves arc a

mix(urc of right- and left-hand polarix.ation  an(i propagate at angles bctwccn 3[’ and 19° rcdativc

to the ambient magnetic field. ‘J’hc wave is highly elliptically polarized in each cycle (kl/k2

ranges bet wccn 3.3 and 40.5). “J ‘hc local ion proton  cyclotron frequency is - 9.9s, so these waves

have frcqucncics slightly higher than the local ~lp.

“J’able 2 gives the results of Principal Axis Analysis of a number of wave cycles from I;ig,urcs  1

and 2 and three other intervals as WCII. IJrom the ‘J’able, WC, find that the wave pcricxis arc C1OSC

to proton cyclotron period, they arc often, but not always, found to propagate nearly along  fiO,

and they arc typically highly elliptically to linearly polarimd.  A mixture of right-hand and lcft-

hand polarizations have been dctcctcd.  When a sense of rotation can bc found, the typical sense

is left-handed in the spacecraft frame.

Sixteen short 4-n~inutc  intervals where waves were present were sclcctcd at random. liigurc 5

displays the CiSE-Bx and -lIY components of the average field for these intervals. MOS1 of the

intervals lic along the Parker spiral dire.ction (this is the

there is nothing

radial direction.

unusua]  about this orientation). ‘J’here

most probable direction of the field, so

is no tcn(icncy  of the field to bc in the

l’hc waves discussed in this paper have many propcr[ics that arc similar to those (ictcctcd by

Ulysses at 5 AU: the waves have small amplitudm  relative to the ambient magnetic field

magnitu(ic (the Ulysses waves arc slightly larger) an(i have frcqucncics  near the local proton
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cyclotron fmqucllcy. Both the 1 and S AIJ waves arc a mixture of left-hand and right-band

polari~ation,  with left-hand waves more promincml. “1’hc waves discussed in this paper arc

elliptically to linearly po]arizc(i. “J’hc general polarization  of the 5 AU waves was not reported

(Smith ct al., 1993), but the onc cxamp]c shown was circularl y polarized propagating along the

nla~llCtic  fidd (~k~ ~ 5“).

‘1’hc onc major  diffc.rencc of the waves at 1 AIJ is that they arc clctcctcd  (iuring  all ficlci

orientations, with the Parker spiral orientation the most likely. l’i]c 5 AIJ waves arc cic.tcctcd

when the ficlci is radial. In citi~cr  case, the pickup ions wou](i  generate right-han~i  waves

propagating toward the Sun through the ion resonant beam instability. Bccausc  the solar wind

spccxi is larger than the wave phase spccxi, these waves would bc ccmvcctcd  in the antisolar

direction anti would bc dctectcd as left-hand polarized (at the proton cyclotron frequency) in the

spacecraft frame.

It sczms likely that the I.]i waves rcporlc(i here arc duc to hy(irogcn  ion pickup in the solar win(i

at 1 AU. The pcrsiste,nce, of wave (ictcction  at frcqucncics  near the local proton gyrofrcqucncy

almost rules out other possibilities. Resonant interactions with relativistic - J McV electrons

propagating from the Sun is a possible alternative generation mechanism. I lowcvcr,  some of the

wave events were dctcctcd when relativistic electrons were clearly absent. Also, bccausc solar

ftarc electron events typically have broa(i power-law type velocity distributions an(i are not

monocncrgctic  in nature, it would bc (iifficu]t  to explain the limitc(i  frequency range of the

waves. ~Jcllcdon by solar flare protons would gcncralc right-hand po]ari  zcd waves propagating

in the solar wind direction. “1’hcsc  waves would  bc (ictcctcd as right-han(i  in the spacecraft friimc,

at o(i(is  with present observations. Although ti~c general ambiguity of ti~c waves and lack of

dcpcn(icncc  on solar wind stream struc[urc makm this latter possibility ICSS  likely, it cannot be

ruled out at this time. Clearly furlhcr dc.tailc(i  and statistical work needs m bc (ionc to clarify our

present undcrstan(iing.
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‘1’able 1. ]ntcrvals analyzed for l}le prcscncc of waves. The top twelve inlcrvals correspond to

solar energetic ~1 IC intervals. The bot[om five intcrwtls  prcccdc the ~Hc events by at least 24

hours.

‘1’able 2. I Y wave properties. “1’hc columns corrcspon(l  to the date, time (U3’),  wave pcriocl, local

proton gyropcriod, wave propagation direction relative to the ambient magnetic field, I)AA

cigcnvaluc ratios, and sense of polarization.

Figure 1. LF waves with pcriocls near the local proton gyrofrcqucncy.

Figure 2. A hociogram for cmc wave cycle of the event shown in Iiigurc  1,

Figure 3. Power spectra of the magnetic field fol< an interval containing the event in };igurc 1.

The local proton gyrofrcqucnc y (fp) is denoted. }12 and 11~ correspond to power transverse to

the avcrrrgc field direction.

l~igure  4. Same as Figure 1, but WC]] upstream of a solar cncrgctic 3] IC event.

I~igurc 5. I’hc IMF orientation for sixteen wave events sclcctc(i at random.



1 NI’ IXVAI , I)ATE

1 SEP 2 3 ,  1978

2 ~~~ 25, 1978

3 LJUN 0 6 ,  1979

4 JUN 0 7 ,  1 9 7 9

5 AUG 19, 1979

6 AUG 20, 19-/9

7 SEP 1 4 ,  1 9 7 9

8 SF’,F’  17, 1979

9 APR 2 4 ,  1981

10 APR 25, 1981

11 MAY 10, 1981

12 MAY 16, 1981

I n t e r v a l s P r e c e d i n g

lN~’RRVA1, L)A1’E

1 SEP 2 2 ,  2978

2 J U N  05 ,  1979

3 AUG 18, 39-/9

4 APR 23 ,  1981
:, MAY 08, 1981

I )AY

266

268

357

158

231

232

257

2 6 0

314

115

1 3 0

136

T A B L E  1

S1’Al{rl’
1’IME

0800

0600

1100

0000

1400

1.200

0800

1100

)200

1800

0000

0500

S o l a r  C o s m i c

s~lA~r,t

L)AY ‘J’lMH

265 0000

156 0000

2 3 0 0000

2)3 0000

128 0000

ST’01’
711ME

1900

1300

1“/00

0600

2000

1800

0 2 0 0  (258)

1900

1832

2 4 0 0

2400

0 5 0 0  (137)

Ray E v e n t s

S1’C)P
1’lME

0100

0200

0100

0100

0100

REMARKS

Event.  c)nset

P e a k  f l u x

Event.  c)risct.

P e a k  f l u x

Fwent.  c)rIseL

P e a k  flux

Event  c]rlset.

Peak flux

Event.  C)I-lSet.

F’eak f l u x

onset.  through  peak

OnseL t h r o u g h  peak



ISEE-3 WAVES

DATE

9/23/78

9/23/78

6/0’7/79

6/07/79

6/07/79

9/14/79

9/14/79

9/14/79

9/14/’79

TIME

1314:16-31

1314:42-46

417:30-38

437:47-54

438:08-14

1041:37-50

~04~:49-59

1141:48-54

1141:43-03

TW

10.0s

4.0s

4.5s

5.0s

5.0s

7.5s

10.0s

4.55

6.5s

Tp

1255

12.5s

4.0s

3.6s

3.6s

12.3s

12 ?s.-

12.2s

12.2 s

8°

24°

4°

42”

59”

68”

8°

5“

6“

12.2

7.7

5.5

14.(3

30.6

79-2

7.5

9.8

4.()

?QIL3 p~]

4.1

9.1

6.8

5.0

1.8

1.7

43.4

1.9

7.3

I.h. ellip.

Lh. elIip.

linear

r.h. ellip.

Lh. ellip.

linear

r.h. circ/eIIip.

Lh. eHip.

M.  eHip.

Ifwm 2.
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